The spin-orbit coupling (SOC) interactions, electron correlation effects and Hund coupling cooperate and compete with each other, leading to novel properties, quantum phase and non-trivial topological electronic behavior in iridium oxides. Because of the well separated IrO 6 octahedra approaching cubic crystal-field limit, the hexagonal iridates Sr 3 MIrO 6 (M = Sr, Na and Li) serves as a canonical model system to investigate the underlying physical properties that arises from the novel J eff state. Based on density functional theory calculations complemented by Green's function methods, we systematically explore the critical role of SOC on the electronic structure and magnetic properties of Sr 3 MIrO 6 . The crystal-field splitting combined with correlation effects are insufficient to account for the insulating nature, but the SOC interactions is the intrinsic source to trigger the insulating ground states in these hexagonal iridates. The decreasing geometry connectivity of IrO 6 octahedra gives rise to the increasing of effective electronic correlations and SOC interactions, tuning the hexagonal iridates from low-spin J eff = 1/2 states with large local 
I. INTRODUCTION
In the latest decade, iridium oxides (iridates) have attracted growing attention, due to the fact that these materials host a number of intriguing phenomena and novel physical properties [1, 2, 3, 4, 5] . Special interest in the iridates has been stimulated by the pioneering work of Kim et al, where a novel spin-orbit induced Mott insulating state has been discovered in Sr 2 IrO 4 [6, 7] . They proposed that the large octahedral crystal-field splitting between the triply degenerate t 2g states and doubly degenerate e g states, together with the strong spin-orbit coupling (SOC) interactions generate the quartet j eff = 3/2 and doublet j eff = 1/2 states [1, 6] . The electron correlation effects cooperate with the SOC interactions, creating a novel J eff = 1/2 insulating state in Sr 2 IrO 4 . The J eff = 1/2 state has been proposed to be a common ingredient in iridates, which renewed the attentions in the interplay of the electron correlations, geometry connectivity and SOC interactions [1-5, 8, 9, 10, 11, 12, 13] . Depending on the relative strength of on-site Coulomb repulsion, geometry connectivity and SOC interactions, the iridates have been proposed as promising candidates for exotic phases [1, 4] , such as topological insulators [4, 14] , spin-orbit coupled Mott insulator [6, 7] , giant magnetic anisotropy [10, 11] , superconductors [15, 16, 17, 18] , Weyl semimetals [19, 20] , Heavy-mass magnetic modes [21] , spin liquids and spin ices [22, 23] .
The lattice degree of freedom plays a critical role in iridates, giving rise to abundant structures in iridates, like the Ruddlesden-Popper series Sr n+1 Ir n O 3n+1 (n = 1, 2 and ∞), pyrochlore R 2 Ir 2 O 7 (R is the rare-earth element or Y), two-dimensional honeycomb geometry, hexagonal perovskite, post-perovskite and double-perovskite structure [3, 5] . In the present paper, we focus on three hexagonal iridates, Sr 3 MIrO 6 (M = Sr, Na and Li) [24, 25, 26, 27, 28] . These Sr 3 MIrO 6 iridates crystallize in the rhombohedral K 4 CdCl 6 structure (space group 3c R ) with six formula units (f. u.) in the hexagonal lattice ( Fig. 1 (a) ), whereas with two f. u. per rhombohedral primitive cell ( Fig. 1 (b) ). According to the structural symmetry, Sr, M, Ir, and O atoms occupy four nonequivalent crystallographic sites: 18e (x, 0, 0.25), 6a (0, 0, 0.25), 6b (0, 0, 0) and 36f (x, y, z) sites, respectively [24, 25, 26, 27, 28] . The hexagonal structure is often viewed as chains parallel to the c axis, which constructed from face-sharing IrO 6 octahedra with trigonal prismatically coordinated MO 6 polyhedra [29] . Sr 3 MIrO 6 are isostructural with Sr 4 PtO 6 [24, 25] configurations [3] . Moreover, crystal-field effects and non-cubic structural distortions of the octahedral coordination-environment, as well as the geometry connectivity of IrO 6 octahedra further influence the electronic correlations and SOC interactions [4, 8, 9] . As a result, even possessing strong enough SOC, so far an absolutely nonmagnetic (NM) state has been seldom realized in the 5d 4 systems. Experimental and theoretical results shown hexagonal Ca 4 IrO 6 residing in the cubic crystal-field limit required for a canonical unmixed J eff = 1/2 state [32] . By comparison, the IrO 6 octahedra in Sr 3 MIrO 6 (especially for M = Sr and Na) reside much more close to the ideal cubic crystal-field limit [25, 26, 27] . As shown in Fig. 1 , the IrO 6 octahedra are well separated with each other and disconnected in these hexagonal Sr 3 MIrO 6 . Inside the octahedra, the Ir-O bond lengths are identical, accompanying with tiny deviations of O-Ir-O bond angles from 90° [25, 26, 27, 40, 42] . These hexagonal Sr 3 MIrO 6 iridates provide almost ideal cubic crystal-field, serving as a good platform to explore the cooperation and competing of the comparable energy scales of SOC interactions, electron correlation and Hund coupling. In addition, first-principles electronic structure calculation is an ideal tool to provide insight into the underlying role of SOC on the electronic structure and magnetic properties of the title iridates Based on density functional theory (DFT) first-principles electronic structure calculations complemented by Green's function method, we reveal the impact of the local crystal structure, the connectivity of IrO 6 octahedra and SOC interactions on the electronic structure of these iridates.
The SOC interactions is the key determinant factor in opening the insulating band gaps in Sr 3 MIrO 6 , rather than the Coulomb interaction. Sr 4 IrO 6 show large local magnetic moments with unmixed J eff = 1/2 characters, whereas the strong SOC limit leads to NM singlet J eff = 0 states in Sr 3 MIrO 6 (M = Na and Li). Our theoretical results supply a meaningful complement to the hectic field of iridates with strong SOC interactions. The remainder of the paper is organized in the following way. In Sec. II, we provide the details of our computational techniques and describe the crystal structure of Sr 3 MIrO 6 . Section III is devoted to calculated results and discussions followed by the conclusions in Sec. IV. octahedron.
II. COMPUTATIONAL DETAILS AND CRYSTAL STRUCTURE
The first-principles DFT calculations have been carried out with the projector augmented wave (PAW) method [43, 44] as implemented in the Vienna ab initio simulation package (VASP)
code [45] , together with the generalized gradient approximation (GGA) [46] . The rotationally invariant DFT + U method introduced by Liechtenstein et al. is employed to consider the correlations effects [47] . All the calculations are performed with onsite-Coulomb interactions U = 2 eV and the Hund's coupling J H = 0.2 eV for the Ir atoms [8, 11, 12] . SOC has been taken into account with unconstrained noncollinear magnetism settings. The structural optimization and electronic structure calculations are performed for the rhombohedral primitive cell (2 formulas), using 7 × 7 × 7 k-point mesh and 520 eV cutoff-energy. The convergence threshold of the self-consistent field cycle is 10 −6 eV. [25, 26, 27] . Our theoretical calculated results confirm that a reasonable U parameter and SOC have only a small influence on the crystal structure, and electronic-structure calculations are performed based on the optimized crystal structures within GGA. Reference [28] .
e Present work.
III. RESULTS AND DISCUSSIONS

A. Spin polarized electronic structure
To clarify the basic electronic structure, we firstly perform spin polarized calculations within GGA, and then consider the correlation interactions by GGA + U calculations. Fig. 2 (a) ), whereas U almost has no impact on the t 2g states of Sr 3 NaIrO 6 and Sr 3 LiIrO 6 ( Fig. 2 (b) and (c)).
The electronic structure are essentially keep the metallic character, even much larger U value up to 5 eV is still unable to open the band gap in Sr 3 MIrO 6 , indicating that the crystal-field splitting combined with correlation effects are insufficient to account for the insulating nature. We'll uncover the intrinsic source to tune the insulating nature in these hexagonal iridates in the following sections.
B. J eff = 1/2 state of the Sr 4 IrO 6
To gain insight into the underlying effects of SOC on the electronic structure of Sr 4 IrO 6 , we include SOC interactions by GGA + SOC calculations. As shown in Fig. 3 , SOC significantly influences the band dispersion of the 5d state around Fermi level, the three-fold degenerate t 2g
states evolve into well separated j eff = 1/2 doublet and j eff = 3/2 quartet states with obvious gap between them, leading to an unmixed J eff = 1/2 character. Due to the strong SOC effects and the isolated octahedra, the system reduces to a half-filed J eff = 1/2 Hubbard system. The j eff = 1/2 bands are further split into two pairs by a ~0.2 eV insulating gap, contributing to the valence band maximum (VBM) and the conduction band minimum (CBM). indicating the critical role of SOC interactions to trigger the system to be insulating. Unmixed J eff = 1/2 magnetic insulating state also have been observed in the isostructural iridate Ca 4 IrO 6 [32] , and the fluorido-iridates molecular [49] , as well as the hexafluoro iridates Rb 2 IrF 6 [50] , where also existing spatially isolated octahedra with tiny distortions. However, despite almost having perfectly undistorted octahedra, the j eff = 1/2 and j eff = 3/2 bands are not fully separated in 4d oxide, for instance in the isostructural hexagonal Sr 4 RhO 6 [33] and the alkali metal hexafluoro rhodates Rb 2 RhF 6 [50] , indicating the intrinsic SOC interactions in 4d compound are weaker than those of 5d iridates. On the other hand, although having large SOC effects in the first-proposed SOC induced Mott insulator Sr 2 IrO 4 , the j eff = 1/2 and j eff = 3/2 bands are mixed together due to obviously tetragonal structural distortions and large octahedral rotations, and it needs a modest U combined with SOC to open up an insulating gap [6, 8] . These results demonstrate that the decreasing of the connectivity of the IrO 6 octahedra leads to an increasing of the electron-electron interaction impact [9] , accompanied by an enhancement of SOC effects [4] . By introducing on-site 
C. Magnetic property of the Sr 4 IrO 6
Although magnetic susceptibility measurements shown AFM ordering below 12 K in Sr 4 IrO 6 , no detailed magnetic structure has been reported to date [40] . We assume the magnetic unit cell to be the same as the crystallographic hexagonal unit cell, and try to understand the possible magnetic structure by symmetry analyzing [52] . The 3c R space group of Sr 4 IrO 6 allows five magnetic space groups for the crystallographic unit cell: (1) 3c
3c' R , where 3c1' R corresponds to the paramagnetic configuration, whereas 3'c R and 3'c' R are NM configurations, and the last one 3c' R is ferromagnetic (FM) configuration. Therefore, 3c R is the only one remaining magnetic space group can be assigned to the AFM ordering of In order to estimate the exchange coupling constants, we artificial construct another one magnetic structure as shown in Fig. 4 (a) , denoted as AFM1 state. As shown in reflecting the intrinsic feature of the isolated IrO 6 and RhO 6 octahedra. By comparison, the isostructural iridates Sr 3 CoIrO 6 and Sr 3 NiIrO 6 show a partially disordered AFM behavior due to the one-dimensional spin chains [34, 35] . Besides, the isostructural osmium oxides Ca 3 LiOsO 6 undergoes AFM ordering at a high temperature of 117 K, implying that the spin exchange interactions are strong, and is explained as the extended superexchange interactions [54] . [6, 51] , and are comparable to the ordered magnetic moment in the isostructural Ca 4 IrO 6 and Sr 4 RhO 6 [32, 33] . The big value of these orbital moments suggests that these compounds lie in the strong coupling regime of SOC interactions [53] . Normally, the 5d orbitals are spatially extended, so more itinerant is expected in the iridates.
However, decreasing connectivity of IrO 6 octahedra gives rise to the enhancement of effective electronic correlations and SOC interactions, leading to the significant localized and fully polarized unmixed J eff = 1/2 state in Sr 4 IrO 6 [4, 9] . Therefore, due to the peculiar crystal structure, strong SOC effects and electronic correlations, in contrast to the expectation from the itineracy of and Sr 3 LiIrO 6 should be described as band insulator without magnetism [55, 56] . The effective electron correlations are increasing along with the decreasing of the connectivity of the IrO 6 octahedra, accompanied by further enhancement of the SOC effect [4, 57] . In contrast to the three-dimensional connectivity in double-perovskite structure and the highly distorted IrO 6 octahedra in NaIrO 3 , the local IrO 6 octahedra in Sr 3 NaIrO 6 and Sr 3 LiIrO 6 reside much more close to the ideal cubic crystal-field limit, and achieve the J eff = 0 NM state by reducing the connectivity of the IrO 6 octahedra.
E. Robust of the insulating J eff states in Sr 3 MIrO 6
To shed more light on the nature of the J eff states, we perform non-spin polarized calculations for the NM state of Sr 3 MIrO 6 using the projection-embedding implementation [58] Similar to the isostructural iridate Ca 4 IrO 6 [32] , and the fluorido-iridates molecular [49] , as well as the hexafluoro iridates Rb 2 IrF 6 [50] , the hexagonal iridates Sr 3 MIrO 6 provide nearly ideal octahedral crystal-field environment to realize a pure J eff = 1/2 state. metal-insulator transition (MIT) have been proposed to describe the insulating nature in transition metal compounds [60] . Usually, the structural distortions or the Jahn-Teller effect break the symmetry and remove the degeneracy of the electronic states, consequently the gap is opened with the help of the Coulomb repulsion [61] . However, in these iridates compounds, this degeneracy inhibits the rise of an insulating phase even in the case of large value of the Coulomb repulsion.
The role of the symmetry breaking of the t 2g manifold degeneracy is played by the SOC. The large SOC produces the splitting between the j eff = 1/2 and the j eff = 3/2 states. Finally, the Coulomb interaction enlarges the gap opened by the SOC.
IV. CONCLUSIONS
In conclusion, the hexagonal Sr 3 MIrO 6 serves as a canonical model system to investigate the underlying physical properties that arises from the novel J eff state. and exploit other physical properties in these sparsely-studied hexagonal iridates.
